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Abstract: This paper aims to provide a novel control framework for exactly regulating the output
voltage of floating interleaved boost converters (FIBCs), which have been widely employed in fuel
cell applications in recent years. Firstly, a mathematical model of the FIBC is constructed according
to Kirchhoff’s current and voltage loop principles. Then a cascade control structure with a current
inner loop and voltage outer loop is developed to achieve the desired voltage regulation performance.
The current controller is established based on the generalized super-twisting algorithm (GSTA) to
ensure that the inductor current exactly follows the current reference, which is generated by the outer
loop. Meanwhile, an active disturbance rejection control (ADRC) framework is utilized for robustly
regulating the output voltage despite the presence of input variation and load change in the voltage
control loop based on a nonlinear continuous GSTA-based extended state observer (GSTA-based
ESO). The stability of a closed loop system based on the GSTA controller and the GSTA-based ESO
is conclusively proven using the Lyapunov theory. The Simscape model of the FIBC is developed,
which is used to verify the feasibility and the appropriateness of the recommended control algorithm.
Finally, numerical simulations are carried out to demonstrate the effectiveness of the proposed
method compared to several previous works.

Keywords: floating interleaved boost converter (FIBC); active disturbance rejection control (ADRC);
generalized super-twisting algorithm (GSTA)

1. Introduction

The issue of environmental pollution has been receiving great attention from govern-
ments and people around the world in recent decades [1,2]. One of the culprits for this
problem comes from the carbon dioxide emission of vehicles that use fossil fuels, such as
gasoline or diesel, to generate energy [3]. Meanwhile, the shortage of fossil fuels leads to the
requirement of employing alternative sustainable energy resources, such as fuel cells (FCs),
solar energy, wind energy, and so on, in industrial applications instead of using the above
traditional fuels. Among them, solar and wind energy resources have some disadvantages
of severe weather dependence, expensive storage systems, and large installation space, as
well as being associated with pollution. Hence, although the cost of hydrogen production
is now relatively high, fuel cell energy still is considered a potential power source for future
power systems due to its high power production and zero-emissions, as well as the qualities
of reliability, high efficiency, and compactness [4,5]. However, some disadvantages of the
fuel cell systems such as low-and-unregulated output voltage and excessive ripples of
output current [6] restrain their applicability in real-life applications.

In order to amplify the output voltage of FC energy systems and maintain a constant
DC bus voltage at a high-level stable voltage, DC–DC boost converters or step-up con-
verters [7–9] are generally adopted as an interface between the low-voltage side (FC) and
high-voltage side (DC bus). Conventional DC–DC boost converters have the benefits of
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low-cost and simple structure; however, their voltage gains are relatively small due to
the parasitic resistance on the inductors and capacitors [10]. Hence, numerous enhanced
topologies of DC–DC step-up converters [4,6,11–16] have been innovated and they are
demonstrated to be more appropriate for fuel cell applications than the conventional boost
converter. As an illustration of them, interleaved boost converters (IBCs) [13,17–20] can be
considered a remarkable selection with their high amplifying coefficient and low voltage
stress for power switches. In addition, by virtue of interleaved structure, IBCs are tolerant
towards a low input current ripple, and consequently, they are suitable for a wide range of
FC-based applications. However, how to achieve a desired voltage regulation qualification
for such IBCs in the presence of input variation and load change is still a challenging task
that has attracted considerable attention from the research community recently.

It should be noted that the proportional–integral–derivative (PID) controllers and
their modifications are still valuable solutions for regulating the output voltage of step-up
DC–DC converters, which were broadly employed in previous works [21–25]. For instance,
Zhidong Qi et al. [21] developed a combination between a new switch strategy and a
fractional order PID controller for a four-switch buck-boost converter, whose controller
gains were optimized using a partial swarm optimization (PSO) algorithm, and conse-
quently, a better performance was achieved compared to the conventional integer order
controller. In addition, in [22], S. K. Kim and C. K. Ahn constructed a voltage regulation
loop in which a disturbance observer-based proportional–derivative (DOB-based PD) con-
troller for DC–DC boost converters was established to maintain a constant output voltage
and cope with the parameter and load variations, simultaneously. In addition, a robust
PID controller using the equivalent feedforward of the modified direct synthesis (MDS)
approach, which incorporates the dynamic disturbance model in the controller design
phase [23] for DC–DC boost converters, was constructed. To increase the voltage regulation
performance and the robustness of the closed-loop system, various robust nonlinear control
techniques have been adopted. In [26,27], a model reference-based control with time delay
estimation (TDE) was introduced to compensate for unknown terms that are lumped into
generalized disturbance and, consequently, guaranteed that the behavior of the system
follows the output of the reference model. Nevertheless, the first-order derivative of the
inductor current, which is difficult to accurately compute, was required. Furthermore,
some nonlinear control techniques [28–30] have been adopted for DC–DC boost converters
to increase the robustness of the voltage regulation. It should be noted that the above single
loop structures possess cost-effectiveness, simplicity, and simple implementation; however,
such regulation mechanisms cannot achieve the desired control performance.

By virtue of exact voltage regulation for DC–DC step-up converters, the cascade con-
trol structure has been broadly adopted in numerous studies [31–34] recently. For example,
in [32], a linearized small-signal model around the operating point of a general N-phase
interleaved boost converter was introduced, and a cascade control scheme with PID con-
trollers using nominal parameters was subsequently established. The results showed that
the proposed control approach was robust against parameter variations, and high conver-
sion efficiency was also attained. Nevertheless, the performance of the closed-loop system
varies with the distinct operation points. To overcome this drawback, a dual-loop control
algorithm based on flatness control theory and active disturbance rejection control (ADRC)
for two-phase interleaved boost converters (TIBCs) was introduced in [33,34] where linear
extended state observers (LESOs) were employed to estimate the uncertain input voltage
and output current, and consequently, the output voltage was maintained at the desired
level. In addition, disturbance observer-based control approaches [35,36] were also investi-
gated for stabilizing the output voltage of traditional DC–DC boost converters. Moreover,
the integration of proportional-integral (PI) controllers used for the current loop and the
ADRC for the outer loop has been a popular technique, which was employed in several
existing works [19,37] in robustly stabilizing the output voltage of floating IBCs (FIBCs) in
recent years. In [13], X. Hao et al. introduced a dual loop control scheme for a four-phase
IBC, which has a backstepping-based current control law and STA-based voltage controller
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in the outer loop under the different working conditions in the presence of the deviations
of circuit components. The control parameters were subsequently optimized by using
the PSO algorithm. Furthermore, to increase the convergence rate of the inner current
loop, the super-twisting algorithm (STA)-based controller was employed along with the
ADRC developed for the outer voltage loop [17,38]. However, it should be noted that the
employment of the general super-twisting algorithm (GSTA) in developing the current
controller and an ESO-based ADRC for regulating the output voltage of FIBCs has not been
investigated in the literature.

Motivated by the above analysis, in this paper, a nonlinear continuous ESO based
on GSTA is introduced to cope with the lumped uncertainties in the system dynamics of
the considered FIBC. In addition, the current controller is realized based on the GSTA,
which ensures the inductor current follows the current reference in finite time. Thanks
to that, a new ESO-based control approach is developed to increase the robustness of the
closed-loop control system in the presence of a wide range of input variations and load
changes, which have not been reported in the literature. The main contributions of this
research work are summarized as follows:

1. The finite-time boundedness stability of the GSTA-based controller for uncertain
nonlinear first-order systems and GSTA-based ESO is rigorously proven by employing
the Lyapunov theory.

2. For the first time, the GSTA is employed to establish the inner current loop, which
guarantees a faster convergence rate and a higher control accuracy of the inductor
current in contrast to the conventional STA-based and PI current controllers.

3. Compared to the conventional ESO [39] and high-order ESO [38], an improved esti-
mation performance of lumped time-varying disturbance is achieved by the nonlin-
ear continuous GSTA-based ESO introduced in this paper. Hence, a better voltage
regulation capability is attained by the proposed approach with the same cascade
architecture as the control algorithms developed in [38,39] in the presence of both
input variation and load change.

The rest of the paper is organized as follows. Section 2 introduces the controller and
observer design procedure by using the GSTA theory. The mathematical representation of
multi-phase interleaved boost converters is presented in Section 3. Section 4 develops the
cascade control scheme with the GSTA-based current controller and nonlinear continuous
ESO-based controller for the studied FIBC. Then the advantage of the proposed method is
verified in Section 5 through several numerical simulations. Finally, Section 6 concludes
the paper.

2. Generalized Super-Twisting Algorithm-Based Controller and Observer Design
2.1. Finite-Time Stability

Lemma 1 ([40]). Let V(x, t) be a continuous positive definite differential function if there exist
some scalars λ1 > 0, λ2 > 0, b > 0, and h ∈ (0, 1) such that

V̇(x, t) ≤ −λ1V(x, t)− λ2Vh(x, t) + b (1)

The function V(x, t) converges to a region that is bounded by

V(x, t) ≤ min

(
b

(1− γ)λ1
;
(

b
(1− γ)λ2

) 1
h
)
∀t ≥ Tr (2)

where γ ∈ (0, 1) is a scalar, and the settling time Tr is given by.

Tr ≤ max

(
t0 +

1
γλ1(1− h)

ln
γλ1V1−h(t0) + λ2

λ2
; t0 +

1
γλ1(1− h)

ln
γλ1V1−h(t0) + γλ2

γλ2

)
(3)
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2.2. Generalized Super-Twisting Algorithm Controller Design

Consider the following first-order single-input single-output (SISO) nonlinear system

θ̇ = bu + f (θ, t) (4)

where θ denotes the sliding variable, f (θ, t) represents an unknown perturbation that is
bounded by | f (θ, t)| ≤ δ with δ as an unknown positive constant, b is the control gain,
and u is the control input.

The generalized STA (GSTA) [41] is a modified version of the conventional STA by
simply adding some extra correction terms, which was originally introduced by J. A.
Moreno. Since the added linear terms are stronger than the nonlinear ones when the
system trajectories are far from the origin, the robustness and the convergence speed of the
closed-loop system are improved accordingly. The GSTA-based controller of the system (4)
is given by u =

1
b
(−k1ω1(θ) + v)

v̇ = −k2ω2(θ)
(5)

where k1 and k2 are positive constants to be designed, and the two functions ω1(θ) and
ω2(θ) are given by

ω1(θ) = µ1|θ|1/2sign(θ) + µ2θ

ω2(θ) =
µ2

1
2

sign(θ) +
3
2

µ1µ2|θ|1/2sign(θ) + µ2
2θ

(6)

where µ1 > 0, µ2 > 0, and sign(•) is the standard signum function, which is given by

sign(ϑ) =


1, if ϑ > 0
0, if ϑ = 0
−1, otherwise

(7)

Based on the definition of the functions ω1(θ) and ω2(θ) in (6), we have

ω′1(θ) =
1
2

µ1|θ|−1/2 + µ2

ω2(θ) = ω1(θ)ω̄
′
1(θ)

(8)

where ω′1(θ) denotes the partial derivative with respect to θ.
According to the control laws (5) and the system dynamics (4), the closed-loop system

dynamics become

θ̇ = −k1ω1(θ) + v + f (θ, t)
v̇ = −k2ω2(θ)

(9)

Lemma 2. Consider the system dynamics (4), by using the control laws given in (5), the closed-loop
system is finite-time stable in the presence of the perturbation, which is bounded by an unknown
positive constant.

Proof of Lemma 2. Define the augmented state vector as χ = [ω1(θ), v]T . Taking the time
derivative, one obtains

χ̇ =

[
ω̄′1(θ)θ̇
−k2ω2(θ)

]
= ω′1(θ)

[
−k1 1
−k2 0

][
ω1(θ)

v

]
+

[
1
0

]
ω′1(θ) f (θ, t)

= ω′1(θ)Aχχ + Bχω′1(θ) f (θ, t)

(10)



Appl. Sci. 2022, 12, 11501 5 of 17

where the matrices Aχ and Bχ are given by

Aχ =

[
−k1 1
−k2 0

]
; Bχ =

[
1
0

]
Based on the definition of vector χ, an important property can be derived as

|θ|−1/2 ≥ µ1

‖χ‖ ; |θ|−1 ≥ µ2

‖χ‖ (11)

Since the matrix Aχ is Hurwitz, there exists a symmetric positive definite Pχ satisfying
the following Lyapunov equation

PχAχ + AT
χPχ = −Qχ (12)

where Qχ is a symmetric positive definite matrix.
Consider the following Lyapunov function

Vχ = χTPχχ (13)

From (13), we have

λmin(Pχ)||χ||2 ≤ Vχ ≤ λmax(Pχ)||χ||2 (14)

Taking the derivative of (13) and then combining with (12), one obtains

V̇χ = χ̇TPχχ + χTPχχ̇

= −ω′1(θ)χ
TQχχ + 2ØTPχBχω′1(θ) f (θ, t)

(15)

Substituting (8) and (11) into (15), we have

V̇χ =−
(

1
2

µ1|θ|−1/2 + µ2

)
χTQχχ + 2χTPχBχ

(
1
2

µ1|θ|−1/2 + µ2

)
f (θ, t)

≤− 1
2

µ2
1λmin(Qχ)‖χ‖ − µ2λmin(Qχ)‖χ‖2 + µ1|θ|−1/2χTPχBχ f (θ, t)

+ 2µ2χTPχBχ f (θ, t)

(16)

Applying the Young’s inequality and applying (11) leads to

V̇χ ≤−
1
2

µ2
1λmin(Qχ)‖χ‖ − µ2λmin(Qχ)‖χ‖2 +

1
2

µ2
1µ2‖χ‖+

1
2

BT
χPT

χPχBχδ2

+ µ2
2‖χ‖

2 + BT
χPT

χPχBχδ2

≤−
µ2

1(λmin(Qχ)− µ2)

2
√

λmax(Pχ)
V1/2

χ −
µ2(λmin(Qχ)− µ2)

λmax(Pχ)
Vχ +

3
2

BT
χPT

χPχBχδ2

=− Γχ1V1/2
χ − Γχ2Vχ + Cχ

(17)

where

Γχ1 =
µ2

1(λmin(Qχ)− µ2)

2
√

λmax(Pχ)
; Γχ2 =

µ2(λmin(Qχ)− µ2)

λmax(Pχ)
; Cχ =

3
2

BT
χPT

χPχBχδ2

Based on Lemma 1, the function Vχ given by (13) reaches a region whose bound is
determined by k1, k2, µ1, and µ2 in finite time. Hence, according to the definition of the
vector χ, the sliding variable θ is restricted by an arbitrarily small value as a result.

This completes the Proof of Lemma 2.
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2.3. Nonlinear Continuous ESO Design

Consider the following system

ẋ = ψu + h̄(x, t) (18)

where h̄(x, t) is the lumped disturbance term, u is the input of the system, ψ denotes the
known control gain, and x represents the system state that is measurable. It is assumed
that the lumped disturbances h̄(x, t) are differential, and the first-order time derivative of it
is bounded by an unknown constant, i.e.,

∣∣ ˙̄h(x, t)
∣∣ ≤ ∆.

Defining xe = h̄(x, t) as an extended system state, the system (18) can be transformed
into the following augmented system

ẋ = ψu + xe

ẋe = g(x, t)
(19)

where g(x, t) is the first-order derivative of h̄(x, t).
The nonlinear continuous ESO [42] based on GSTA is constructed to estimate the

lumped disturbance term as follows:{
˙̂x = ψu + x̂e + π1φ1(x̃)
˙̂xe = π2φ2(x̃)

(20)

where x̂ and x̂e are estimates of x and xe, respectively; x̃ = x − x̂ is the correction term;
π1 > 0 and π2 > 0 represent the observer gains; and the two functions φ1(x̃) and φ2(x̃) are
given by

φ1(x̃) = γ1|x̃|1/2sign(x̃) + γ2 x̃

φ2(x̃) =
1
2

γ2
1sign(x̃) +

3
2

γ1γ2|x̃|1/2sign(x̃) + γ2 x̃
(21)

where γ1 > 0 and γ2 > 0.
According to (19) and (20), the error dynamics of the observer are obtained as

˙̃x = x̃e − π1φ1(x̃)
˙̃xe = −π2φ2(x̃) + g(t)

(22)

Lemma 3. Consider the system dynamics (19), the GSTA-based nonlinear continuous ESO (20)
guarantees that the estimation errors converge to an arbitrarily small region of the origin in finite
time whose bounds depend on the selection of the observer gains π1 and π2, and the tuning
parameters γ1 and γ2.

Proof of Lemma 3. Define the new state vector ζ = [ζ1, ζ2]
T = [φ1(x̃), x̃e]

T . Based on this,
we have

ζ̇ =

[
φ′1(x̃) ˙̃x

−π2φ2(x̃) + g(t)

]
= φ′1(x̃)Aζζ + Bζ g(t)

(23)

where the matrices Aζ and Bζ are given by

Aζ =

[
−π1 1
−π2 0

]
; Bζ =

[
0
1

]
Since the matrix Aζ is negative definite, there exists a positive symmetric matrix Pζ

satisfying the following Lyapunov equation
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PζAζ + AT
ζ Pζ = −Qζ (24)

A candidate Lyapunov function is chosen as

Vζ = ζTPζζ (25)

Based on this, we have

λmin
(
Pζ

)
‖ζ‖2 ≤ ζTPζ ζ ≤ λmax

(
Pζ

)
‖ζ‖2 (26)

Moreover, according to the definition of ζ, one obtains

|x̃|−1/2 ≥ γ1

√
λmin

(
Pζ

)
V−1/2

ζ (27)

Taking the derivative of (25) yields

V̇ζ = ζ̇TPζ ζ + ζTPζ ζ̇

= −1
2

γ1|x̃|−1/2ζTQζ ζ − γ2ζTQζ ζ ++2ζTPζBζ g(t)
(28)

Combining with (26) and (27), and applying the Young’s inequality, we have

V̇ζ ≤ −
1
2

γ1|x̃|−1/2λmin
(
Qζ

)
‖ζ‖2 − γ2λmin

(
Qζ

)
‖ζ‖2 + ‖ζ‖2 + BT

ζ PT
ζ PζBζ ∆2

≤ −
γ2

1

√
λmin

(
Pζ

)
λmin

(
Qζ

)
2λmax

(
Pζ

) V1/2
ζ −

(
γ2λmin

(
Qζ

)
− 1
)

λmax
(
Pζ

) Vζ + BT
ζ PT

ζ PζBζ ∆2

= −Γζ1V1/2
ζ − Γζ2Vζ + Cζ

(29)

where

Γζ1 =
γ2

1

√
λmin

(
Pζ

)
λmin

(
Qζ

)
2λmax

(
Pζ

) ; Γζ2 =

(
γ2λmin

(
Qζ

)
− 1
)

λmax
(
Pζ

) ; Cζ = BT
ζ PT

ζ PζBζ∆2

The observer gains π1 and π2 are chosen such that the two terms Γζ1 and Γζ2 are
positive. According to this, the finite-time convergence of the estimation errors is achieved.

Based on Lemma 1 and (29), Lemma 3 is completely proven.

3. System Modeling and Problem Formulation

The schematic of the studied FIBC is illustrated in Figure 1. Sk(k = 1, 2) are the power
switches, Dk are the diodes, Lk are the inductors, Ck are the capacitors, and R is the load
resistor. For the sake of simplicity, it is assumed that the circuit parameters, i.e., inductance
and capacitance, on the two branches of the FIBC are completely identical. Based on this
assumption, we have

L1 = L2 = L

C1 = C2 = C
(30)

According to the Kirchhoff’s current and voltage laws, the average model of the FIBC
in the continuous mode is given by

d
dt

vCk =
1
C
(
(1− uk)iLk − io

)
d
dt

iLk =
1
L
(
vin − (1− uk)vCk

) (31)
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where vin is the input voltage, vCk (k = 1, 2) are the capacitor voltages, iLk represents the
currents through the inductors, io = vo/R denotes the load current of the FIBC with vo
as the output voltage, and uk reflex the duty cycles of the PWM signals applied to the
power switches.

+
_

+
_

S1

i
o

R

i
L1

D1
L1

v
in C1

i
L2 D2

L2

S
2

+
_C2

u1

u2

v
o

v
C1

v
C2

i
in

i1

i2

Low-voltage
side

Floating Interleaved
Boost Converter

High-voltage
side

Figure 1. The schematic of the considered DC–DC boost converter.

The output voltage of the FIBC is determined as

vo =
2

∑
k=1

vCk − vin (32)

Hence, the voltage gain in continuous conduction mode (diLk /dt = 0) is computed
through the following equation

G(D) =
1 + D
1− D

(33)

where D is the equivalent duty ratio of the PWM pulse applied to the power switches.

Remark 1. According to the voltage amplification coefficient Equation (33), it can be seen that
the voltage gain of the FIBC is significantly higher than that of the conventional DC–DC boost
converter. It indicates that the FIBC is one of the most appropriate solutions for fuel cell applications
such as electric vehicles or DC microgrid applications, which require a stable few hundred volts of
the DC bus while the input voltage is generally low.

The main control objective is to stabilize the output voltage of the FIBC at the desired
level under the input variation and load change, which naturally exists in real-life fuel
cell applications such as electric vehicles and DC microgrids. To continuously monitor
the current through inductors and the output voltage of the FIBC, two current sensors
and a voltage sensor are adopted, respectively. In the system dynamics (31), the input
voltage and load change are considered the external disturbances, which degrade the
system performance of the FIBC.

4. Control System Synthesis

The cascade structure for regulating the output voltage of the FIBC is illustrated
in Figure 2. The inner current control loop ensures the inductor current exactly tracks
the current reference that is generated by the outer voltage control loop in finite time
despite the variation of input voltage. To control the ON–OFF state of the power switches,
two PWM signals are constituted based on the control actions constructed by the inner
loop. Meanwhile, the output voltage of the FIBC is guaranteed to closely follow the voltage
reference in the presence of load change, which always exists in fuel cell applications.
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FIBC

vo

iL

u1

Current
Controller

Voltage
Controller

PWM
Generator

iLrefVref

_

vin R

x2

u2

GSTA-based
ESO

iLref

^

PWM1

PWM2

Figure 2. The suggested control scheme for the FIBC.

4.1. Current Controller Design

Consider the following current dynamics of the FIBC

d
dt

iLk =
1
L
(
vin − vCk

)
+

1
L

vCk uk (34)

The sliding variables are defined by

sk = ILre f − iLk (35)

where ILre f is the current reference and k = 1, 2.
It can be seen from (34) and (35) that the sliding variables (35) have a relative degree,

one with respect to the control input. Hence, the GSTA can be adopted to construct the
current control law to ensure that the inductor current follows the reference in finite time
in spite of the variation of the input voltage vin as

uk = λ1ξ1(sk) + vk

v̇k = λ2ξ2(sk)
(36)

where λ1 and λ2 are controller gains, vk(k = 1, 2) is the auxiliary control variable, and the
two functions ξ1(sk) and ξ2(sk) are given by

ξ1(θ) = σ1|sk|1/2sign(sk) + σ2sk

ξ2(θ) =
1
2

σ2
1 sign(sk) +

3
2

σ1σ2|sk|1/2sign(sk) + σ2sk

(37)

where σ1 and σ2 are positive constants.
In the sliding mode, we have

sk = 0; ṡk = 0 (38)

Due to the symmetric property of the two branches of the FIBC, one obtains

vC1 = vC2 =
vo + vin

2
(39)

Based on this and according to (34), the equivalent control input is given by

ueq = 1 +
2L(dILre f /dt)− 2vin

vo + vin
(40)

4.2. Active Disturbance Rejection Control for Voltage Loop

Substituting (40) into the first equation of (31) and combining with (39) yields

dvo

dt
=

4
C

vin
vo + vin

iL −
4L
C

dILre f /dt
vo + vin

iL −
2

RC
vo (41)
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From (41), the equilibrium point (dvo/dt = 0; dILre f /dt = 0) is determined as
vo = Vre f

iL = ILre f =

(
vo + vin

vin

)
vo

2R
(42)

By linearizing (41) about the equilibrium point, we have [39]

dvo

dt
= − 2

RC
vin + 2vo

vin + vo
vo +

4
C

vin
vin + vo

ILre f −
2L
RC

Vre f

vin

dILre f

dt
(43)

Hence, (42) can be rewritten in the following form

v̇o = αvo + βu + γu̇ (44)

where u = ILre f is the fictitious control input and coefficients α, β, and γ are given by

α = − 2
RC

vin + 2vo

vin + vo
; β =

4
C

vin
vin + vo

; γ = − 2L
RC

Vre f

vin
(45)

Remark 2. From (44), it can be recognized that the output voltage of the FIBC is disturbed by
not only the variation in input voltage but also the load change. In addition, the control gain β
is unknown since it depends on the unmeasurable input voltage. Therefore, an active disturbance
rejection control framework should be employed to compensate for the adverse effects of the above
disturbances and achieve a high voltage regulation performance.

To address the unknown control gain, the dynamic of the output voltage is trans-
formed into

v̇o = β0u + f (vo, u, u̇, w) (46)

where β0 is a positive constant in (46), which is determined based on nominal parameters
of the FIBC and f (vo, u, u̇, w) = γu̇ + αvo + (β− β0)u is the total disturbance term with w
characterized as the input variation and load change effects.

Assumption 1. The total disturbance f (vo, u, u̇, w) is differential and the upper bounded of its
first-order derivative is restricted by an unknown constant, i.e.,

∣∣ ḟ (vo, u, u̇, w)
∣∣ ≤ H.

Defining the state vector x = [x1, x2]
T = [vo, f ]T , (46) can be converted into

ẋ1 = β0u + x2

ẋ2 = h(x1, u, u̇, w(t))
(47)

where h(x1, u, u̇, w(t)) = ḟ (x1, u, u̇, w(t)).
A nonlinear continuous ESO is adopted as

x̃1 = x1 − x̂1
˙̂x1 = β0u + x̂2 + 2ωϕ1(x̃1)

˙̂x2 = ω2 ϕ2(x̃1)

(48)

where x̃1 is the difference between the estimated value and measured value of the state x1,
x̂1 and x̂2 are estimates of x1 and x2, respectively, ω is the bandwidth of the observer, and

ϕ1(x̃1) = η1|x̃1|
1
2 sign(x̃1) + η2 x̃1

ϕ2(x̃1) =
1
2

η2
1sign(x̃1) +

3
2

η1η2|x̃1|
1
2 sign(x̃) + η2

2 x̃1

(49)
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where η1 and η2 are positive constants.

Remark 3. Considering the system dynamics (47) and appropriately choosing the parameter ω of
the observer (48), the estimated values x̂1 and x̂2 reach their actual values x1 and x2 with arbitrarily
small estimation errors. Compared to the conventional ESO, the observer (48) can observe the
lumped disturbance more exactly by using the fractional order of the error x̃1.

The voltage regulation error is given by

e = Vre f − vo (50)

Taking the derivative of it and combining with (46) yields

ė = V̇re f − β0u− f (vo, u, u̇, w(t)) (51)

It is assumed that the total disturbance is well estimated to compensate for the effect
of the lumped disturbance on the system performance, and since V̇re f = 0, the control law
is developed as

u =
1
β0

(
−x̂2 + kpe

)
(52)

where kp > 0 is the controller gain.

5. Numerical Simulation and Discussion
5.1. Simulation Setup

The studied FIBC was developed using the Simscape library in MATLAB/Simulink 2019b.
The actual and nominal parameters of the FIBC are presented in Tables 1 and 2, respectively.

Table 1. System parameters of the studied EHSS.

Parameter Value Unit Parameter Value Unit

Input Voltage 10 ∼ 20 V Capacitance 1000× 10−6 F
Inductance 400× 10−6 H Capacitor Resistance 0.04 Ω
Inductor Resistance 0.4 Ω Load n/a A

Table 2. Nominal system parameters of the studied EHSS for control system design.

Parameter Value Unit Parameter Value Unit

Input Voltage 16 V Capacitance 1000× 10−6 F
Inductance 400× 10−6 H Capacitor Resistance 0 Ω
Inductor Resistance 0 Ω Load 1 A

To verify the effectiveness of the proposed control algorithm, some cascade control
approaches are employed for comparison as follows:

1. C1 (Proposed control approach): The GSTA-based current controller, whose control
parameters are designed as λ1 = λ2 = 1, α1 = α2 = 10−4, σ1 = 2, and σ2 = 1.
The GSTA-based observer is developed with the chosen observer bandwidth as
ω = 250 and the parameters η1 = 2, and η2 = 1. The observer-based proportional
controller is established, and the control gain is selected as β0 = 800.

2. C2 [39]: The conventional STA-based controller is developed for the inner current
loop with the control parameters selected as the same as the C1 controller. A conven-
tional ESO is adopted to estimate the total disturbance in the voltage loop with the
observer bandwidth as the same as in the proposed method for a fair comparison.
The control framework and control parameters of the voltage outer loop are similar to
the proposed control scheme.
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3. C3 [38]: The conventional STA-based controller is developed for the inner current
loop with the control parameters selected as the same as the GSTA-based controller of
the C1 controller. A second-order ESO with a similar observer bandwidth is employed
to cope with the generalized disturbance in the outer loop, whose structure and
parameters are similar to the proposed control algorithm.

4. C4: The cascade control with two PI controllers, whose control parameters are carefully
tuned by the trial-and-error method as KcP1 = KcP2 = 0.15, KcI1 = KcI2 = 15.5 for the
inner current controller and KvP = 0.02, KvI = 15.5 for outer voltage controller.

5.2. Simulation Results and Discussion
5.2.1. Step Changing Reference Voltage

The voltage reference trajectory is employed to verify the robustness of all the above
controllers as follows:

Vre f =

{
45, if 0 ≤ t ≤ 0.25
75, if t > 0.25

(V) (53)

In this case study, the input voltage and the current load are kept constant at V and
A, respectively. The output voltages of the FIBC, in the case of the step voltage reference
change under the four considered control approaches, are illustrated in Figure 3. As shown
in this figure, it can be recognized that all the controllers are able to maintain the output
voltage at the desired level. Although the cascade control approach C4 with the two
PI controllers adopted for current inner and voltage outer loops has the advantage of
simplicity, it possesses the worst performance in both transient and steady-state regimes
with the longest settling time compared to other control approaches.

In addition, the system responses under the C3 and C2 control frameworks are sig-
nificantly improved in comparison to the C4 control approach. However, it should be
noted that the proposed control approach achieves the best regulation performance with a
shorter settling time and without overshoot by means of the GSTA-based current loop and
the GSTA-based observer in the voltage loop. The inductors currents of the FIBC under
the four control approaches are presented in Figure 4. As shown in this figure, the in-
ductor current can closely track the current reference generated by the voltage outer loop.
However, from Figure 4d, it can be recognized that the GSTA-based controller achieves
better control accuracy in comparison to the PI and STA-based controllers. The results
confirm the robustness of the proposed control approach in the presence of the step voltage
reference change.
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Figure 3. The output voltages of the FIBC under the four controllers in case of step voltage refer-
ence change.
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Figure 4. (a) The inductor currents of the FIBC under the C1 controller. (b) The inductor currents
of the FIBC under C2 controller. (c) The inductor currents of the FIBC under C3 controller. (d) The
inductor currents of the FIBC under proposed controller C4.

5.2.2. Load Step Change

To further examine the anti-disturbance ability of all the controllers, the step change
condition in the current load is employed. The utilized load profile is mathematically
presented as

io =


1, if 0 ≤ t < 0.15
3, if 0.15 ≤ t < 0.35
0.5, if t ≥ 0.35

(A) (54)

The output voltages of the studied FIBC under the four control algorithms are depicted
in Figure 5. As shown, under the load change condition, the output voltage of the FIBC
significantly reduces when the load increases and vice versa. Since the C4 controller
lacks the disturbance compensation mechanism in the outer voltage loop, it exhibits the
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longest settling time under the presence of the load change condition compared to the
three remaining control approaches. In this case, although the C2 controller is capable of
reacting faster against the load change, it causes a severe overshoot and consequently a
longer settling time in contrast to the C3 and C1 controllers. It is noteworthy that, similar
to the above scenario, the recommended control approach possesses the best performance
with the smallest settling time and non-overshoot. The simulation results demonstrate the
effectiveness and robustness against the load change condition of the suggested control
algorithm in comparison with others.
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45
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55

60

Figure 5. The output voltage of the FIBC under the four controllers in the case of step load change.

5.2.3. Input Voltage Variation

For evaluating the robustness of the suggested control approach in comparison with
the three remaining control algorithms in the case of input voltage variation, a step-
changing input voltage is adopted as follows:

vin =


16, if 0 ≤ t < 0.15
14, if 0.15 ≤ t < 0.35
18, if t ≥ 0.35

(V) (55)

The out voltages of the FIBC in the circumstance of the input variation are demon-
strated in Figure 6. As depicted in this figure, equivalent to the two above case studies,
the C4 controller with the PI control algorithm employed for both inner and outer control
loops still attains the longest settling time and the biggest steady-state error. In contrast,
the three remaining control approaches are able to achieve better voltage regulation per-
formance. However, it is clearly seen that the proposed control framework obtains the
best performance with the smallest overshoot and fast convergence speed in comparison
with C3 and C4 control approaches. The results consistently indicate the advantage of the
suggested control method and its appropriateness to the voltage regulation problem of the
FIBC for fuel cell applications.

Through the three above case studies, it is worth noting that the proposed control
approach can be considered a valuable solution in exactly regulating the output volt-
age of FIBCs for fuel cell applications, which is more robust against input variation and
load change conditions and shorter settling time in comparison with popular existing
control methodologies.
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Figure 6. The output voltages of the FIBC under the four controllers in the case of input voltage variation.

6. Conclusions

In this paper, a cascade control structure for stabilizing the output voltage of FIBCs for
fuel cell application was developed. The inner current control loop was established using
the GSTA, which ensures finite-time stability in spite of the influence of the input variation
on the inductor current. Meanwhile, a nonlinear continuous GSTA-based ESO was inherited
to estimate the total disturbance caused by input variation and load change in the voltage
loop in finite time. Based on this, the lumped disturbance was effectively compensated,
and consequently, the high-accuracy voltage control was attained. The schematic of the
considered FIBC was constructed using the Simscape Electrical library, and the control
algorithm was built in the Simulink environment. Compared to the previous studies,
a higher performance of voltage regulation was obtained, which was demonstrated through
simulation results. Control realization on an actual FIBC and advanced control techniques
for FIBCs will be investigated in future work.
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Abbreviations

The following abbreviations are used in this paper:

FC fuel cell
FIBC floating interleaved boost converter
IBC interleaved boost converter
TIBC two-phased interleaved boost converter
STA super-twisting algorithm
GSTA generalized super-twisting algorithm
ESO extended state observer
LESO linear extended state observer
HOESO high-order extended state Observer
ADRC active disturbance rejection control
PSO partial swarm optimization
TDE time delay estimation
PID proportional-integral-derivative
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